The transduction patterns of recombinant adeno-associated virus serotype 1 (AAV1) and serotype 6 (AAV6) vectors were assessed in human glioblastoma multiforme (GBM) cell lines, in human GBM biopsy spheroids, and in tumor xenografts growing in nude rat brains. All the cell lines tested (A172, D37, GaMg, HF66, and U373Mg) were found to be permissive to both AAV1 and AAV6 vectors, and thus displayed a transduction pattern similar to AAV2 vectors. For every cell line tested, the transduction efficiency displayed by AAV2 vectors was better than by isogenic and isopromoter AAV1 vectors. Transduction efficiency was dependent on the viral particle number used, suggesting that the receptors for these vectors are widely distributed in GBM tissues. Interestingly, AAV1, AAV2, and AAV6 vectors were able to infect and transduce the same cells when added simultaneously to monolayer cultures. Infection of human GBM biopsy spheroids with AAV1 and AAV6 vectors resulted in transgene expression both at the surface layers and in the core of the spheroids. Following injection of AAV1 and AAV6 vectors into human GBM biopsy xenografts growing in nude rat brains, reporter gene expression was seen both in the periphery as well as in the central regions of the tumors. When injected into the normal rat brain, both AAV1 and AAV6 vectors were found to transduce several central nervous system (CNS) regions. The presented results suggest a potential therapeutic role for AAV1 and AAV6 vectors in gene therapy for GBM and also for other CNS malignancies.
INTRODUCTION
M ALIGNANT CELLS are characterized by the overexpression of oncogenes as well as by defects in key regulators of growth arrest and apoptosis. Gene therapy may be aimed at restoring such defects, but is also explored as a means for sensitizing tumor cells for conventional treatment (Rochlitz, 2001; Hemminki, 2002) . While successful gene transfer results have been obtained using viral vectors in experimental systems, suboptimal tissue transduction and penetration in vivo together with ineffective systemic delivery underscores the need to develop more efficient vector systems.
Adeno-associated viruses are autonomously replication-deficient parvoviruses containing single-stranded DNA genomes (Smith and Kotin, 2002) . Although several different serotypes of AAV have been identified (Chiorini et al., 1997 (Chiorini et al., , 1999 Rutledge et al., 1998; Xiao et al., 1999; Gao et al., 2002) , adenoassociated virus serotype 2 (AAV2) has served as a prototype for genetic and molecular biologic studies of dependovirinae. AAV2 vectors have shown efficacy in large animal disease models following local administration (Schimmenti et al., 1998; Bankiewicz et al., 2000; Rudich et al., 2000; Acland et al., 2001; Beaty et al., 2002; Martin et al., 2002; Mount et al., 2002; Muramatsu et al., 2002) . At present, phase I and II trials are underway using AAV2 vectors for monogenic diseases, including cystic fibrosis, hemophilia, and Canavan disease (Kay et al., 2000; Flotte et al., 2002; Janson et al., 2002; Manno et al., 2003) .
Recently, we showed that AAV2 vectors could transduce a broad range of genetically diverse cancer cell lines and human GBM biopsies (Enger et al., 2002) . More importantly, we observed that AAV2 serotype vectors were able to penetrate the core of human glioblastoma multiforme (GBM) spheroids in vitro and transduce human GBM xenografts growing in the cerebral cortex of nude rats. In contrast, retroviral and adenoviral vectors tested in this stringent model have not been able to penetrate into the deeper layers of the human tumor tissue (Enger et al., 1999 (Enger et al., , 2002 .
Vectors derived from AAV serotypes other than AAV2 are interesting novel vehicles that may be of clinical relevance. The different serotype vectors show variations in genomic sequences, and thus have unique viral capsid proteins. AAV serotype vectors therefore utilize different cellular receptors for attachment and entry into host cells (Summerford and Samulski, 1998; Qing et al., 1999; Summerford et al., 1999; Kaludov et al., 2001; Walters et al., 2001; Di Pasquale et al., 2003) and are neutralized differently by animal sera (Rutledge et al., 1998; Xiao et al., 1999; Halbert et al., 2000) . Thus, it is possible that AAV serotype vectors display unique host cell ranges that may be used to overcome barriers to efficient transduction. Additionally, an exposure to different AAV vectors may circumvent the effects of neutralizing antibodies to certain AAV serotypes (Xiao et al., 1999) .
In the present work, the transduction efficiency of AAV1 and AAV6 in three models of human GBM was examined. In this context, it is important to note that whether or not AAV6 is a genuine serotype is a matter of controversy. Nucleotide and amino acid sequence analysis shows that AAV1 and AAV6 are closely related and are virtually identical with respect to capsid composition (Rutledge et al., 1998; Xiao et al., 1999; Grimm and Kay, 2003) . The most common assumption is that AAV6 is a product of homologous recombination between AAV1 and AAV2, with the immunologic profile of AAV1 (Rutledge et al., 1998; Xiao et al., 1999) . However, because this issue has not yet been conclusively resolved, AAV6 vectors have been handled as a unique AAV serotype in our experimental set-up and will be considered a unique AAV serotype in the text. AAV1 and AAV6 serotype vectors have shown superior efficiency compared to AAV2 vectors for skeletal muscle transduction (Chao et al., 2001; Fraites et al., 2002; Hauck and Xiao, 2003) and in animal models of cystic fibrosis (Halbert et al., 2001) . However, at present little information is available for the potential use of these AAV serotypes in cancer-directed gene therapy. In this study we compared the transduction efficiencies of AAV1 and AAV2 in a panel of human glioma cell lines. In addition, we examined the transduction patterns of AAV1 and AAV6 serotype vectors in multicellular spheroids prepared from human GBM biopsies and in GBM biopsy xenografts growing in nude rat brains. Our results show that AAV1, AAV2, and AAV6 vectors have overlapping transduction ranges in glioma cell lines and in GBM patient biopsies. Combinations of different AAV serotypes could transduce the same tumor cells. Similar to AAV2 vectors (Enger et al., 2002) , both AAV1 and AAV6 were able to penetrate human GBM biopsy spheroids in vitro. Importantly, our data reveal that AAV1 and AAV6 vectors are able to deliver transgenes to GBM xenograft tissue as well as to various CNS structures, suggesting the potential use of these vectors for the treatment of both cancer and neurological disorders.
MATERIALS AND METHODS

Viral vectors
Pseudotyped AAV1 vector harboring the bacterial ␤-galactosidase cDNA (lacZ) was prepared in an adenovirus-free system by calcium phosphate precipitation into HEK 293 cells as described (Xiao et al., 1999) . AAV1 and AAV2 vectors harboring the enhanced green fluoresecent protein (EGFP) cDNA were prepared in a similar manner. The number of genome-containing paticles (hereafter designated viral particles) was determined by quantitative polymerase chain reaction (PCR) to be 5 ϫ 10 12 per milliliter for AAV1lacZ and 1.75 ϫ 10 13 per milliliter and 3.4 ϫ 10 12 per milliliter for AAV1GFP and AAV2GFP, respectively (Vector Core Facility, University of Pennsylvania, Philadelphia, PA). Pseudotyped vectors harboring the cDNA for nuclear-localizing ␤-galactosidase (nlacZ; Halbert et al., 2000) were generated by triple transfection into HEK 293 cells as described (Halbert et al., 2001) . AAV2nlacZ was 1 ϫ 10 11 viral particles per milliliter (1.5 ϫ 10 7 FFU/ml), AAV6nlacZ was 5 ϫ 10 11 viral particles per milliliter (8 ϫ 10 5 FFU/ml). The physical titers (viral particles) were quantified by Southern blotting and the functional titers (foci forming units, FFU) by titration in HT-1080 cells. AAV1GFP and AAV2GFP vectors, (NHLBI, NIH, Bethesda, MD) were prepared in Sf9 cells using three recombinant baculoviruses expressing AAV2 Rep 52 and Rep 78, AAV1, or AAV2 capsid proteins and containing the EGFP transcription casette (Urabe et al., 2002) . Physical titers (viral particles) were determined by quantitative PCR to be 1.14 ϫ 10 13 per milli-liter for AAV1GFP and 4.94 ϫ 10 12 per milliliter for AAV2GFP. All vectors were purified by CsCl-density gradient centrifugation. The vector constructs are depicted schematically in Fig 
Quantification of transduction efficiency in monolayer cultures
The percentage of viral transduction in monolayer cultures was determined by flow cytometric analysis of glioma cells infected by GFP encoding vectors. Briefly, 100,000 cells of the GBM cell lines A172, D37, HF66, GaMg, and U373Mg were seeded separately into the wells of 6-well tissue culture plates (Nunc, Roskilde, Denmark). The cells were cultured overnight prior to exposure to 5000 or 50,000 viral particles per cell. The isogenic and isopromoter AAV1GFP and AAV2GFP vectors prepared at the University of Pennsylvania Vector Core Facility were used for these experiments, because these vectors have identical backbones and have undergone the same purification procedures. The transduction abilities of these vectors may thus be compared head-to-head with regard to differences in capsid composition only. AAV6nlacZ vectors were not included in this comparison due their different genetic make-up compared to AAV1GFP and AAV2GFP vectors ( Fig. 1 ). Four days postinfection, the cells were processed for flow cytometric analysis. The cells were detached using 1 ml of 0.025% Trypsin-ethylenediaminetetraacetic acid (EDTA; BioWhittaker Molecular Applications, Rockland, ME). After addition of 1 ml complete growth medium supplemented with 10% fetal calf serum (FCS; BioWhittaker), the samples were centrifuged at 300g for 4 min at 4°C. The supernatant was carefully discarded and each sam-ple was resuspended in 1 ml of phosphate-buffered saline (PBS) supplemented with 1% D-glucose (Sigma, St. Louis, MO). The samples were kept on ice prior to analysis. The transduction efficiencies were determined using a FACSort flow cytometer (Becton Dickinson, Franklin Lakes, NJ). The GFP fluorescence intensities were obtained by gating a two-parameter forwardand side-scatter cytogram into a one-parameter green fluorescence intensity plot (1024-channel [10-bit] data). A total of 2000 gated cells were collected for each sample. MilliQ water and PBS supplemented with 1% D-glucose served as negative controls, while fluorescein isothiocyanate-conjugated (FITC) fluorescent CaliBRITE beads (Becton Dickinson) were used as positive controls and to calibrate the flow cytometer. Experiments were performed in duplicate (AAV1 samples) and triplicate (AAV2 samples), with two parallel measurements within each experiment. The transduction efficiency for each cell line was determined by histogram subtraction. Negative control histograms of the uninfected glioma cell lines were subtracted from the fluorescence intensity histograms of the respective infected cells. The number of transduced cells in the fluoresence intensity histogram was counted and the percent transduction calculated.
Monolayer and spheroid cultures
The GBM cell lines A172, D37, HF66, GaMg, and U373Mg were cultured at 37°C (100% relative humidity, 5% CO 2 ) in a standard tissue-culture incubator (Binder, Tuttlingen, Germany) and maintained in complete medium as described (Enger et al., 2002) . Tumor biopsy tissue was obtained from three different patients diagnosed with GBM. The tumor samples were con-
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FIG. 1. Adeno-associated virus (AAV) vectors. Each vector contained a cytomegalovirus (CMV) promoter, a reporter gene (enhanced green fluorescent protein [EGFP], LacZ, or nuclear LacZ) followed by a polyadenylation signal sequence derived either from AAV2 (AAV2-pA) or the human growth hormone (hGH-pA). The expression cassettes were flanked by AAV2 inverted terminal repeat (ITR) sequences. AAV1 and AAV6 vectors were prepared by using serotype specific capsid sequences for packaging. The p10 sequence is an insect sequence used for packaging as described (Urabe et al., 2002) . Schematics are not drawn to scale.
firmed as glioblastomas by histological evaluation. Multicellular biopsy spheroids were prepared and maintained as described previously (Bjerkvig et al., 1990) . All patients gave their verbal informed consent, and the study was approved by the Regional Ethical Committee.
Generation of xenograft models
Intracranial tumor xenografts were generated in nude rats as previously described (Engebraaten et al., 1999; Enger et al., 2002) . Briefly, a burrhole was drilled 1 mm posterior to the bregma suture and 3 mm to the right of the midline suture, and 20 GBM spheroids (diameter, 300-500 m) were implanted into the cerebral cortex at 2.5 mm depth using a Hamilton type 7125 syringe (Hamilton, Bonaduz, Switzerland). After surgery, the animals were allowed to recover in an incubator set at 35°C before being returned to their cages. Tumor growth was validated 3 weeks postimplantation by magnetic resonance imaging as described previously (Enger et al., 2002; Thorsen et al., 2003) . The handling of the animals and the experimental protocol were approved by the Norwegian Animal Research Authority.
Vector infection and delivery
GBM cell lines grown in monolayer cultures were seeded at a density of 8000 cells per well of 8-well chamber slides (Nunc, Roskilde, Denmark). The cells were allowed to attach overnight prior to infection with AAV serotype vectors. Combinations of two AAV serotype vectors containing different reporter genes (EGFP and lacZ, respectively) were added to the monolayer cultures simultaneously. Combinations of AAV1GFP and AAV6nlacZ, AAV2GFP and AAV6nlacZ, and AAV1GFP and AAV2nlacZ were tested.
Glioblastoma biopsy spheroids (500-800 m in diameter) from three patients were kept individually in agar-coated 96well dishes (Nunc). Eight spheroids from each tumor sample were infected with AAV1lacZ or AAV6nlacZ vectors (4 ϫ 10 9 viral particles per spheroid). An identical number of noninfected spheroids served as negative controls.
Three weeks after intracranial implantation of biopsy spheroids, the animals received an injection of AAV1lacZ (range, 1.5-2.5 ϫ 10 10 viral particles) or AAV6lacZ vector (range, 5 ϫ 10 8 -5 ϫ 10 9 viral particles) into the growing tumors as described (Enger et al., 2002) . The flow rate was varied according to the volume of the vector delivered (2-8 l), keeping the duration of injections constant at 1 hr. The animals were sacrificed when tumor-related neurologic symptoms were evident. Typically, the animals remained symptom-free for 2-3 months, depending on the aggressive nature of the tumor biopsy. Nonxenografted animals received intracerebral vector injections administered at the same stereotaxic location as used for tumorbearing animals. These animals were sacrificed 2 months postinjection and served as controls.
Tissue processing
After 4 days in monolayer culture, the infected cells were analyzed for transgene expression. The transduction efficiencies of EGFP-containing vectors were visualized by fluorescence microscopy and quantified by flow cytometric analysis, while the transduction efficiencies of ␤-galactosidase-encod-ing vectors were determined by light microscopy after ␤-gal histochemistry. The results obtained for every AAV serotype tested were validated by performing equivalent experiments using the same AAV serotype harboring a different transgene.
Detection of transgene expression and tissue penetration of ␤galactosidase-encoding vectors in the biopsy spheroids was performed by light microscopic analysis after ␤-gal histochemistry of cryosectioned specimens. Upon sacrifice of the animals, the brains were dissected out, embedded in Tissue Tek OCT medium (Sakura Finetek, Tokyo, Japan), and quickly frozen in a chamber cooled by liquid nitrogen. Axial brain cryosections (12-18 m) were cut using a cryotome and collected on coated glass slides (SuperFrost Plus, Menzel, Germany).
␤-gal histochemistry
Before processing for ␤-gal histochemistry, the sections were dried for 30 min at room temperature (20°C). Cryosections, cell monolayers, and spheroids were fixed for 15 min in a mixture of 2% formaldehyde and 0.2% glutaraldehyde in PBS containing 2 mM Mg 2ϩ . Specimens were rinsed in PBS buffer containing 1 mM Mg 2ϩ thrice for 10 min each. X-gal reaction buffer (1 mg/ml X-gal, 5 mM K 4 Fe(CN) 6 , 5 mM K 3 Fe(CN) 6 , 2 mM MgCl 2 in PBS) was added to the sections. To reduce endogenous ␤-galactosidase activity, the pH value of the reaction buffer was kept at 7.4. The solution was filtered through a 0.45m syringe filter (Pall Gelman Laboratory, Lane Cove, UK) to avoid excessive crystal formation. Cells and cryosections were stained either at room temperature (22°C) for 4 hr or at 4°C overnight. Routine Harris hematoxylin and eosin counterstaining was performed to visualize tissue structure and cell nuclei.
Immunohistochemistry
Frozen cryosections were equilibrated to room temperature for 45 min and fixed in acetone for 10 min at room temperature. After rinsing, the sections were blocked for 6 min against endogenous peroxidase activity (DAKO peroxidase block, DAKO Cytomation, Glostrup, Denmark). After additional rinsing, the sections were blocked for 10 min against nonspecific protein binding (DAKO Protein Block, DAKO Cytomation). The sections were probed with monoclonal mouse antivimentin primary antibody (DAKO Cytomation) at a dilution of 1:250 in TBS/1% bovine serum albumin. Purified nonspecific mouse immunoglobulin G (IgG; Sigma) diluted to the same protein concentration was added to negative control sections. Incubations were performed overnight at 4°C. Antibody-probed sections and controls were then incubated with horseradish peroxidase coupled goat antimouse secondary antibodies and developed using 3Ј3Ј-diaminobenzidine as chromogenic substrate, according to the manufacturer's protocol (EnVision TM ϩ system, DAKO Cytomation). Routine Harris hematoxylin and eosin counterstaining was performed to visualize tissue structure and nuclear morphology.
RESULTS
AAV1, AAV2, and AAV6 serotype vectors have similar cell tropisms
Based on the evidence that AAV serotypes utilize distinct cellular receptors, we postulated that each AAV serotype could infect and transduce various cell types with different efficiencies. In order to test this hypothesis, we performed flow cytometric analysis of monolayer cultures infected with isogenic and isopromoter AAV1 and AAV2 serotype vectors (Fig. 1) . The human GBM cell lines A-172, D37, HF66, GaMg, and U373Mg were infected with AAV1-GFP and AAV2-GFP vectors at 5000 and 50,000 viral particles per cell. The cells were processed for flow cytometry 4 days postinfection. AAV2 vec-tors displayed superior transduction efficiency compared to AAV1 vectors in every GBM cell line examined ( Fig. 2A and  2B ). For both AAV serotypes, an increase in the number of viral particles per cell from 5000 to 50,000 yielded an increase in percent transduction (Fig. 2B) . These findings were validated by microscopic analysis of monolayer cultures infected with AAV vectors expressing the lacZ and EGFP transgenes (data not shown).
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FIG. 2. Adeno-associated virus serotype 2 (AAV2) vectors transduce glioblastoma multifore (GBM) cell lines more efficiently than AAV1 vectors. GFP expression of transduced U373 cells lines monitored by FLOW cytometry (A). Left panel show the fluorescence intensity histograms of U373 cells after exposure to: 1) 5000 AAV1, and 2) 5000 AAV2 genome-containing particles per cell. Right panel show the fluoresence intensity histograms after infection with: 3) 50,000 AAV1 and 4) 50,000 AAV2 genome-containing particles per cell. The transduction efficiencies of AAV1 and AAV2 vectors in A172, D37, GaMg, HF66, and U373 cells is shown as the mean percentage of green fluorescent protein (GFP) expressing cells Ϯ standard deviation (SD; B). For U373 the numbers 1), 2), 3), and 4) depicts the bars in (B) corresponding to the fluorescence intensity histograms shown in (A). Interestingly, AAV2 vectors transduced every GBM cell line better than AAV1 vectors, and the transduction efficiency of both vectors increased with a 10-fold increase in the number of viral particles added.
AAV2, AAV4, and AAV5 have been shown to utilize different cell-surface receptors for intracellular entry (Summerford and Samulski, 1998; Qing et al., 1999; Summerford et al., 1999; Walters et al., 2001 Walters et al., , 2002 Di Pasquale et al., 2003) . The serotype-specific receptors for AAV1 and AAV6 have not yet been identified. Our findings imply that the receptors for AAV1 and AAV2 are widely expressed by the glioma cell lines, and do not suggest the lack of receptors to be a major limitation to viral infection. To characterize the transduction profiles of AAV1, AAV2, and AAV6 vectors further, we simultaneously infected glioma monolayer cultures with two AAV serotypes, each expressing a different reporter gene. For each cell line examined, individual cells could be simultaneously transduced by combinations of two different AAV serotypes (Fig. 3 ).
AAV1 and 6 penetrate deeper layers of solid human biopsy spheroids
In contrast to adenoviral or retroviral vectors, AAV2 vectors have been shown to penetrate solid tumor tissue (Enger et al., 1999 (Enger et al., , 2002 . To examine whether the AAV1 and AAV6 serotype vectors also displayed this trait, multicellular GBM biopsy spheroids (500-800 m) were exposed to AAV1-LacZ and AAV6-nLacZ vectors and cultured for 3 weeks. Upon sectioning and histochemical processing, transgene positive cells were observed both in peripheral as well as in central areas of the spheroids, in a pattern similar to that previously described for AAV2 vectors (Fig. 4A and 4B) . Endogenous ␤galactosidase activity was not detected in uninfected spheroids (Fig. 4D ).
AAV1 and AAV6 show effective transduction in vivo
The ability of AAV1 and AAV6 vectors to transduce solid tumor tissue in vivo was evaluated using an intracranial xenograft model prepared from human GBM tumor spheroids. Importantly, these spheroids were generated from patient biopsy material and not from immortalized cell lines, and therefore represent a favorable model for studying the growth of human glioblastoma multiforme in situ. Within the xenografts, HUSZTHY ET AL. 386   FIG. 3 . Adeno-associated virus serotype 1 (AAV1), AAV2, and AAV6 vectors can target the same cell. Two AAV serotypes expressing different reporter genes were simultaneously added to glioblastoma multifore (GBM) monolayer cultures. Four days postinfection the cultures were processed for ␤-galactosidase histochemistry. The cells were scored for coexpression of ␤-galactosidase and green fluorescent protein (GFP) by combining light and fluorescence microscopy. Shown here are single cells of the GBM cell line A172 transduced simultaneously by AAV1-GFP and AAV6-nLacZ (A, B, C) , AAV2-GFP and AAV6nLacZ (D, E, F) , and AAV1-GFP and AAV2nLacZ (G, H, I) . Scale bar ϭ 50 m. necrotic areas, vascular hyperproliferation and in some cases, pseudopallisading of tumor cells were evident. AAV1 (n ϭ 7 xenografts) or AAV6 vectors (n ϭ 11 xenografts) containing lacZ or nuclear lacZ transgenes, respectively, were stereotaxically injected into the tumors. After histochemical processing, AAV1 and AAV6 transgene expression was detected over large distances in the axial (x-y) plane (Fig. 5 ). Furthermore, in the dorsoventral (z) plane, transgene-positive areas encompassing several millimeters were detected (AAV1 animals: range, 25-7000 m; mean 1920 m; AAV6 animals: range, 518-5404 m; mean, 2894 m). The transduction profiles within the tumors injected with AAV1 and AAV6 were similar. For both serotypes, transgene positive cells were most often observed at the tumor periphery, but in some cases also within central regions of the tumors (Figs. 5A and 6B) .
To examine the potential divergence of AAV1 and AAV6 transduction within the normal brain, we injected AAV vectors into the same intracerebral coordinates as used for tumor-bearing animals (n ϭ 2 for AAV1, n ϭ 3 for AAV6). Two months postinjection, normal brain tissue was processed for ␤-galac-tosidase histochemistry. AAV1-and AAV6-mediated transgene expression was seen in white matter regions with a high abundance of neurons, such as the cererbral cortex, caudate putamen, corpus callosum, and hippocampus ( Figs. 5 and 6 ).
DISCUSSION
To achieve efficient transduction of solid tumor tissue, both cellular targeting and sufficient tissue penetration is required. Insufficient penetration ability has precluded the use of several candidate vectors with large viral capsids, including adenoviral-, retroviral-, and herpes simplex viral vectors. Although AAV vectors have not been tested in clinical trials for cancer, they possess specific biologic features that may be of advantage in cancer gene therapy (Ponnazhagan et al., 2001) . First, AAVs are packaged into significantly smaller capsids compared to other viral vectors. Second, the receptor molecules for several AAV serotypes appear widely expressed in tumor tissue (Isaka et al., 1994; Sonmez et al., 1995; Shee et al., 1998;  TRANSDUCTION IN HUMAN GLIOMA MODELS  387   FIG. 4 . Adeno-associated virus serotype 1 (AAV1) and AAV6 penetrate multicellular glioblastoma biopsy spheroids. Glioblastoma multiforme (GBM) biopsy spheroids were infected separately with AAV1-nLacZ and AAV6-nLacz vectors. After 2 weeks in culture, the tumor spheroids were cryosectioned and processed for ␤-galactosidase histochemistry. Transgene positive cells were detected both peripherally and centrally in the spheroids infected with AAV1 (A) and AAV6 (B) vectors. No endogenous ␤-galactosidase activity was detected in uninfected controls (C). Hematoxylin and eosin-stained spheroid section, showing the cellular density of a multicellular biopsy spheroid (D). Scale bars ϭ 200 m. Tysnes et al., 2002) . Finally, AAV2 vectors have been shown to be effective in delivering transgenes to solid tumors in stringent preclinical models (Enger et al., 2002) .
AAV SEROTYPE
In this study, we evaluated the abilities of AAV1 and AAV6 serotype vectors to transduce human glioma cell lines and to penetrate solid human GBM tissues in preclinical models of GBM.
Cellular tropism of AAV serotypes
We found that both AAV1 and AAV6 vectors were able to infect a wide range of glioma cell lines and biopsy spheroids, and thus displayed a similar transduction profile to AAV2 vectors. The receptors for AAV1 and AAV6 have not yet been HUSZTHY ET AL. 388 FIG. 5. Adeno-associated virus serotype 1 (AAV1) transduces regions in the rodent brain as well as human glioma xenografts derived from patient biopsies. Series of ␤-galactosidase-stained axial cryosections revealed AAV1-mediated transgene expression after injection of 1.5 ϫ 10 10 genome-containing particles into xenografted (left row) or 2 ϫ 10 10 genome-containing particles into normal (right row) rat brain. Approximate distances measured from the cerebral surface are indicated. Asterisks mark the enlarged regions (A), (B), and (C). Tumor-host tissue border is marked by broken lines. Brain tissue is indicated by B and tumor tissue by T. Light microscopic image of the central area of a glioblastoma multiforme (GBM) xenograft injected with AAV1. Blue-stained cells represent AAV-infected cells expressing the lacZ transgene. Areas of necrosis are outlined (A). AAV infection of the hippocampus (B). AAV1 diffused over the corpus callosum toward the contralateral hemisphere in the nonxenografted rat brain, infecting hippocampal nuclei and regions of the corpus callosum (C). Ca2, Ca2 region of the Ammon`s horn; Ca3, Ca3 region of the Ammon`s horn; DG, dentate gyrus; fmi, forceps minor corpus callosum; lv, lateral ventricle; ctx, cortex; N, necrotic areas; V, blood vessels. Scale bars: A ϭ 200 m; B and C ϭ 400 m.
identified. However, based on our findings, it is likely that the receptors responsible for AAV1 and AAV6 uptake are widely expressed by glioma cell lines. Quantitative comparison of the transduction efficiencies of isogenic and isopromoter AAV1 and AAV2 vectors revealed that AAV2 displayed superior transduction efficiency to AAV1 in every GBM cell line studied. This may suggest that receptors for AAV2 are more widely expressed by these cells than the receptors involved in AAV1 binding and uptake. However, the transduction rate increased in response to a 10-fold increase in the number of viral particles added per cell for both AAV1 and AAV2 vectors (Fig. 2) , indicating that receptor expression may not be a limiting factor for transduction at the concentrations studied. However, it is important to note, that differences in transduction efficiency may also be the result of differential intracellular trafficking and uncoating of the AAV serotypes. This issue needs further investigation. The finding that different AAV serotypes are able to transduce a variety of glioma cells and tissues may have clinical implications, because this justifies repeated injections using different serotype AAV vectors. Such an approach may circumvent neutralizing antibodies that can develop against the capsids of particular serotype. The observation that individual cells could be transduced simultaneously with different AAV serotypes suggests that different AAV serotype vectors may be administered in concert or in sequence to enhance transduction efficiency. Normal rat brains as well as xenografted animals were injected with AAV6 vectors carrying the nuclear ␤-galactosidase gene and analyzed for reporter gene expression. Widespread AAV6-mediated transgene expression was observed in both normal (A, 5 ϫ 10 9 VP genome-containing particles injected) and tumor harboring animals (B, 4 ϫ 10 9 VP genome-containing particles injected). Infection of host neuronal nuclei after injection of 2 ϫ 10 9 genome-containing particles AAV6 (C). The infected cells were negative for human-specific vimentin, whereas the tumor was positive (D). Panel (C) and (D) are parallel cryosections. C.pu., caudate putamen; e.c., external capsule; Par2, parietal cortex. Scale bars: A ϭ 200 m; B, C, and D ϭ 100 m.
AAV1 and AAV6 gene transfer to GBM biopsy spheroids
spheroids. This may be accounted to the relatively small size of the AAV capsid and to the widespread distribution of AAV receptors throughout the tumor tissue. In the biopsy spheroids, only a small fraction of the cells are dividing (Bjerkvig et al., 1992) . Therefore, extensive transgene expression caused by cell proliferation and passing the transgene to daughter cells can not explain the high AAV transduction efficiency. These findings suggests that AAV1 and AAV6 vectors possess significant advantages compared to nonreplicating adenoviral and retroviral vector systems with respect to tissue penetration (Benedetti et al., 1997; Puumalainen et al., 1998; Enger et al., 1999 Enger et al., , 2000 Sandmair et al., 1999) .
AAV1 and AAV6 gene transfer in vivo
To examine AAV1 and AAV6 delivery to solid tumors further, we generated animal models in which the GBM biopsy spheroids were transplanted into the cerebral cortex of nude rats. Upon injection with AAV vectors, transgene expression was detected in each tumor xenograft. AAV-mediated ␤-galactosidase activity was seen in areas covering several millimeters throughout central and peripheral tumor regions. The area of transduction often did not coincide with the location of vector injection, suggesting that cerebrospinal fluid flow may have distributed the vector to various brain areas. As mentioned above, extensive transduction was observed at the tumor periphery ( Fig. 5 for AAV1 , not shown for AAV6). This may be explained by an elevated interstitial fluid pressure within the tumors (Boucher et al., 1997) , which would lead to flow of the viral particles to more peripheral areas, where transduction would occur. In addition, transgene-positive cells were found scattered throughout the central areas of viable tumor tissue ( Figs. 5A and 6B ). This may be caused by the extensive migration of transduced cells within the tumor, or by the retention of pockets of viral vector in isolated tumor areas.
As seen in Figures 5 and 6, these vectors were able to transduce various brain regions such as the cerebral cortex, caudate putamen, corpus callosum, and the hippocampus. Both AAV1 and AAV6 showed transgene distribution to large areas within the rat brain. Our data thus support previous findings that have shown superior transduction efficiency of AAV1 vectors in the mammalian brain Vite et al., 2003; Wang et al., 2003) . In addition, our data demonstrate efficient transgene delivery to the central nervous system (CNS) by AAV6 vectors. The ability of AAV vectors to target several CNS structures suggests a possible role for AAV1 and AAV6 in several gene therapy protocols. Interestingly, as in the tumor models, several millimeters of transduced tissue were detected, likely explained by cerebrospinal fluid (CSF)-mediated transport. In the context of cancer gene therapy, our data emphasize the importance of designing AAV vectors that are transcriptionally targeted to cancer cells in order to avoid the expression of potentially toxic transgenes in normal tissues. In summary, we report for the first time that AAV1 and AAV6 vectors were able to transduce and penetrate human GBM models in vitro and in vivo. Our findings provide a proof of principle for the development of AAV1 and AAV6 vectors as delivery vehi-cles for cancer gene therapy and also suggest use of other AAV serotypes in complementary approaches of cancer gene therapy.
